Low-cost clay-based membranes with an excellent flexural strength were successfully prepared by a simple pressing route using low cost starting materials, such as kaolin, bentonite, talc, sodium borate, and carbon black, and subsequent sintering at 1000°C. Carbon black was added as a template. The effect of carbon black content on porosity, flexural strength, pore size distribution, pure water permeability, oil rejection rate, and flux of low-cost clay-based membranes was investigated. It was found that the porosity and pore size of membranes increased with increasing carbon black content, whereas the flexural strength decreased with an increase in carbon black content. The pure water permeability increased with an increase in porosity. The oil rejection rate decreased with increasing applied pressure and carbon black content. Typical porosity, flexural strength, oil rejection rate, and flux of clay-based membranes sintered at 1000°C were 34%, 58 MPa, 96.7%, and 6.3 © 10 ¹5 m 3 /m 2 s at an applied pressure of 101 kPa, respectively.
Introduction
Oily wastewaters are one of the major pollutants of the aquatic environment. This is due to the emissions of a variety of industrial oily wastewaters from various sources such as petrochemical plants, transportation, food processing, refineries and metallurgical industries. 1),2) Discharge of crude oily wastewater into the sea, lakes or rivers has been under increasingly careful scrutiny in recent years. Conventional approaches to treat oily wastewaters have included gravity separation and skimming, dissolved air flotation, de-emulsification, dewatering, coagulation and flocculation.
2)5) However, those methods have several disadvantages such as low efficiency, high operation cost and recontamination problems. The small quantity of remaining oil in water after the conventional methods are used must be reduced to an acceptable limit before the water can be discharged into seas, lakes or rivers. Membrane separation can meet these standards effectively. The obvious advantages of membrane techniques in treating oily wastewaters include high oil removal efficiency, low energy cost, low capital cost and absence of chemical addition.
3),6) Several researchers have reported the effectiveness of microfiltration (MF) and ultrafiltration (UF) technologies on the treatment of oily wastewaters with different membranes.
7)11)
Ceramic membranes have been used in various different applications because of their many advantages such as good chemical stability, high temperature stability and pressure resistance, high mechanical stability, long lifetime and good fouling properties.
12)17) Generally, ceramic membranes have been prepared from alumina (Al 2 O 3 ), zirconia (ZrO 2 ), titania (TiO 2 ) and silica (SiO 2 ). However, the application of ceramic membranes is limited by the high cost of both the starting materials and the sintering process. 16) To overcome these drawbacks, some researchers have focused on the development of low-cost ceramic membranes.
7),16)22) Mohammadi et al. 22) prepared a tubular kaolin membrane with a pore size of a few micrometers for oilwater emulsion separation and studied the effect of operating conditions on membrane performance. Bouzerara et al. 17) reported the in situ synthesis of ceramic membrane supports from kaolin-doloma mixtures. The doloma addition to kaolin had a positive effect on the porosity, ranging from 37 to 56%, which seemed to be acceptable as supports for MF and UF applications. Vasanth et al. 7) fabricated low-cost ceramic membranes prepared by a uniaxial dry compaction method using kaolin, quartz and calcium carbonate. The prepared membranes offered good flexural strength (34 to 46 MPa) and smaller pore size (1.30 2.77¯m). Monash et al. 20) prepared ceramic membrane supports using kaolin, pyrophyllite, feldspar, ball clay, quartz, calcium carbonate and titanium dioxide mixtures. The prepared supports were mainly composed of mullite, quartz, feldspar and wollastonite phases and their flexural strength was in the range of 28 33 MPa, which seemed to be acceptable as supports for MF and UF applications. Sarkar et al. 21) fabricated ceramic membrane supports using alumina and kaolin by extrusion processing. The prepared supports were composed of mullite and alumina phases. The prepared membranes offered good flexural strength (14 to 70 MPa) and smaller pore size (0.21.5¯m). The obtained results suggest that low-cost ceramic membranes prepared from kaolin have high potential for the treatment of oily wastewater. A previous paper 16) on clay-based membranes made from kaolin and sodium borate reported a flexural strength of 19 MPa at 37% porosity and an air flow rate of 1.7 © 10 ¹4 m 3 m ¹2 s
¹1
. However, separation performance of the membranes was not characterized. In the present study, (1) raw material composition was modified to increase flexural strength of the clay-based membranes; (2) carbon was added as a pore former for adjusting porosity and pore size; and (3) the separation performance of the membranes was characterized for the treatment of an oil-water emulsion solution.
The objective of the present work is to study the influence of pore former content (template content) on the properties of low-cost clay-based membranes produced from inexpensive raw materials such as kaolin, bentonite, talc, sodium borate and carbon by a simple pressing and subsequent sintering process and evaluate each membrane's separation performance for the treatment of an oil-water emulsion solution. The structural characteristics and mechanical properties of each membrane were examined. Pure water permeation experiments were also carried out to evaluate membrane performance. MF experiments of synthetic oil-water emulsions were carried out to estimate the separation performance of the prepared clay-based membranes. Sodium borate and barium carbonate were added to increase the mechanical strength of the membranes. Carbon black was added as a pore-forming agent. Three batches of powder mixtures were prepared with varying carbon black content: 0, 5 and 10 wt % ( Table 1 ). All batches were milled separately in a polypropylene jar for 24 h using distilled water and Al 2 O 3 grinding balls. Polyethylene glycol was added as a binder. The milled slurry was dried at 100°C for 24 h and uniaxially pressed under a pressure of 50 MPa. The compacts were sintered at 1000°C for 8 h at a heating rate of 3°C/min in air. The membranes containing 0, 5 and 10 wt % carbon black were designated as CB0, CB5 and CB10 membranes, respectively. Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) for the decomposition of each raw material and CB10 sample was carried out up to 900°C with a heating rate of 1°C/min in air. The temperature measurement during the TGA/DTA experiments was made within «0.5°C.
Experimental 2.1 Membrane preparation and characterization
The bulk density of the ceramic membranes was calculated from the weight-to-volume ratio of samples. The apparent porosity of the ceramic membranes was measured using Archimedes method. The open porosity and pore size distribution were measured using a mercury porosimetry (AutoPore IV 9500, Micromeritics, Norcross, GA, USA). X-ray diffraction (XRD, D8 Discover, Bruker AXS GmbH, Germany) was conducted on the ground powders using Cu K¡ radiation. Fracture surface morphology was observed using scanning electron microscopy (SEM, S4300, Hitachi Ltd., Hitachi, Japan). For flexural strength measurements, bar-shaped samples were cut to a size of 3 mm © 4 mm © 30 mm and bending tests were performed at a constant crosshead speed of 0.5 mm/min using a three-point bending fixture with a span of 20 mm.
Filtration of pure water and oil-in-water emulsion
An oil-in-water emulsion with an oil concentration of 100 ppm was prepared by mixing kerosene (Daejung Chemicals and Metals Co. Ltd., Siheung, Korea) and distilled water with a surfactant (0.01 g/L) using an ultrasonic mixer for 1 h. The surfactant was a polyoxyethylene sorbitan monooleate (Tween 80, Wako Pure Chemical Industries, Ltd., Osaka, Japan). The emulsion preparation was carried out at room temperature. The stable oil-water emulsion had an average droplet size of 2.84¯m and 90% of the oil droplets were between the limit of 0.5 and 4.0¯m.
A homemade dead end filtration setup was used for pure water and oil-in-water emulsion filtration tests. The setup was made up of stainless steel (capacity of 10,700 ml), which consisted of two parts, a cylindrical top part and a base plate with a provision to host the membrane. The membrane was placed on a perforated casing with a pair of O-rings and placed in the bottom compartment. The membrane diameter was 4.60 © 10 ¹2 m and effective membrane area was 1.59 © 10 ¹3 m 2 . Water permeation studies were carried out using the homemade filtration setup. Prior to the permeation study, distilled water was passed through the fresh membrane at 303 kPa to remove any loose particles (particles which are not removed during ultrasonification) present in the pore path. The pure water flux (PWF, J w ) was calculated using the following equation:
where J w is the pure water flux (kg m ¹2 h ¹1 ), Q is the amount of permeate collected (kg), A is the membrane area (m 2 ) and ¦t is the sampling time (h).
Fouling resistance (FR) was calculated using the following equation: 23) FR ð%Þ ¼ fðJ wi À J wf Þ=J wi g Â 100 ð2Þ
where J wi is the initial water flux and J wf is the final water flux after fouling. The pure water permeability (¡) was computed from the following equation:
where ¦P is the transmembrane pressure drop. The oil filtration experiments were carried out with an oil-inwater emulsion using clay-based membranes with three different Journal of the Ceramic Society of Japan 122 [9] 788-794 2014
porosities at an applied pressure of 101 kPa or 303 kPa. All experiments were conducted at room temperature and the oil rejection rate (R) was calculated according to the following equation:
where C p and C f represent the oil concentration in the permeate and its feed concentration, respectively. The oil concentrations in the feed and permeate were analyzed using an UV/VIS spectrophotometer (Evolution 60, Thermo Fisher Scientific Inc., Waltham, MA, USA) at an absorbance wavelength of 230 nm.
Results and discussion

Membrane preparation and characterization
XRD analysis was carried out to identify the phases present in the raw materials and CB10 membrane. Figure 1 shows the XRD patterns of the raw materials and the CB10 membrane sintered at 1000°C. The major phases in the raw materials were kaolinite and sillimanite in kaolin, montmorillonite and ¡-tridymite in bentonite, and talc in talc powder. The CB10 sample consisted of sillimanite, ¡-cristobalite and talc. The XRD data of the CB10 sample clearly show the formation of ¡-cristobalite. It indicates that the addition of sodium borate and barium carbonate promotes the formation of ¡-cristobalite, which might be derived from the phase transformation of ¡-tridymite and/or decomposition of kaolinite phases in the presence of a sodium boratebarium oxide-derived bonding phase.
Figures 2 and 3 show DTA and TGA data, respectively, for the CB10 and each raw material. The results of CB10 were the sum of each raw material. The DTA curve of carbon black shows an exothermic peak at 592°C, which was due to the oxidation of carbon (i.e., C + O 2 ¼ CO 2 ). The DTA curve of bentonite shows two endothermic peaks: the first endothermic peak at 62°C was due to the partial loss of adsorbed water and the second endothermic peak at 597°C was due to surface dehydroxylation and loss of non-chemically attached metal oxides. 25) The DTA curve of talc shows an endothermic peak at 627°C, which was due to the dehydroxylation of brucitic layers in talc. 26) The DTA curve of kaolin shows an endothermic peak at 564°C, which was due to the transformation of kaolinite to metakaolininite (i.e., Al 2 O 3 ·2SiO 2 ·2H 2 O ¼ Al 2 O 3 ·2SiO 2 ).
7) The DTA curve of sodium borate shows three endothermic peaks and one exothermic peak: the first endothermic peak at 81°C was due to the partial loss of crystallization water from the hydrolyzed sodium borate (i.e., Na 2 B 4 O 7 ·10H 2 O ¼ Na 2 B 4 O 7 ·5H 2 O); the second endothermic peak at 133°C was due to the loss of the remaining crystallization water, leading to the formation of amorphous sodium borate; the first exothermic peak at 566°C was due to the crystallization of anhydrous sodium borate [Na 2 O(B 2 O 3 ) 2 ] from the amorphous phase; and the third endothermic peak at 742°C was due to the melting of the crystalline anhydrous sodium borate phase.
27) The DTA curve of barium carbonate shows a endothermic peak at 818°C, which was caused by the decomposition of BaCO 3 with the loss of CO 2 .
From the TGA curve (Fig. 3) , the total weight loss of CB10 sample between room temperature and 900°C was ³18.8%. The weight loss was the sum of each weight loss: 10.0% from carbon black, 3.5% from bentonite, 2.3% from talc, 1.2% from kaolin, 0.9% from sodium borate, and trace from BaCO 3 . The sum (17.9%) of weight losses from each inorganic raw material was smaller than the total weight loss (18.8%) of CB10 sample. The difference in weight loss was caused by the presence of organic binders in the CB10 sample. The present results suggest that the pores observed in the CB10 sample were originated from the combustion of carbon black at 592°C, removal of volatile species from other raw materials in a temperature range of 62818°C, and inter-particle voids in the formed body.
The effect of carbon black content on the microstructure of the clay-based membranes is shown in Fig. 4 . The microstructure consisted of clay-mineral derived grains (sillimanite and ¡-cristobalite phases), talc particles and the sodium borate-barium oxide-derived bonding phase. The green compacts were heattreated at 1000°C for 8 h in air at a heating rate of 3°C/min. A liquid phase was formed from sodium borate-barium oxide during sintering and the liquid phase acted as an adhesive to bind sillimanite, ¡-cristobalite and talc grains together. The melting point of anhydrous sodium borate is 742°C. 27) As shown in Fig. 4(a) , clay-mineral derived grains and talc particles were well-bonded to each other by the binder phase. Both samples consisted of strongly interconnected clay-mineral derived grains, talc grains and pores [Figs. 4(a) and 4(c) ]. The pore morphology was mostly equiaxed in the CB0 membrane, whereas the pore morphology was irregular in the CB10 membrane [Figs. 4(b) and 4(d)]. The pore morphology changed from spherical to irregular as the carbon black content increased. Moreover, the pore size increased with an increase in carbon black content. The equiaxed pores originated from the inter-particle spaces in the green compacts, whereas the irregular shaped pores were derived from agglomerated carbon black particles. Figure 5 shows the pore size distribution of the CB0, CB5 and CB10 membranes. The results show a unimodal pore size distribution for all samples. The average pore diameter increased from 0.65 to 1.25¯m with an increase in the carbon black content from 0 to 10%. The increase in pore size with an increase in the carbon black content was due to the greater opportunity for contact between the carbon black in the compacts. This kind of an increase in pore size with increasing template content was frequently observed in many other porous ceramics. 28 )30) Figure 6 shows the bulk density and porosity of the clay-based membranes as a function of the carbon black content in the starting composition. The bulk density of the clay-based membranes decreased from 1.72 to 1.46 g/cm 3 with an increase in carbon black content from 0 wt % (CB0) to 10 wt % (CB10). Both the total porosity and open porosity increased with increasing carbon black content. The total porosity increased from 34% at 0 wt % carbon black to 44% at 10 wt % carbon black, whereas the closed Journal of the Ceramic Society of Japan 122 [9] 788-794 2014 porosity decreased from 1.7 to 0.4% when the carbon black content increased from 0 to 10 wt %. This was due to the higher possibility of the interconnection of pores at the higher carbon black content. The porosity varied directly with the carbon black content for all specimens, i.e., the higher the carbon black content, the higher the porosity. This suggests that controlling the template content is an efficient way of controlling the porosity of clay-based membranes. The weight loss of the clay-based membranes increased with increasing carbon black content in the starting composition: 11.3% for CB0, 15.5% for CB5 and 20.2% for CB10. The linear shrinkage of CB0, CB5 and CB10 membranes was 3.0, 3.5 and 3.7%, respectively, and attributed to the partial sintering of the membranes, indicating the beneficial effect of sodium borate and barium carbonate as sintering additives.
The flexural strength of the clay-based membranes with different carbon black content is shown in Fig. 7 . The flexural strength decreased from 58 to 32 MPa with increasing carbon black content from 0 to 10 wt %, i.e., increasing the total porosity from 34 to 44%. In general, flexural strength of porous ceramics tends to decrease with an increase in porosity. This tendency has been observed in many other porous ceramics 29) , 30) and attributed to the higher probability of pore coalescence at the higher porosity under load. Pore coalescence leads to a larger defect size, resulting in lower strength. Typical flexural strengths of the CB0, CB5 and CB10 samples were 58 MPa at 34% porosity, 40 MPa at 39% porosity and 32 MPa at 44% porosity, respectively. The flexural strengths of kaolin-based membranes have been reported as follows: 33 MPa at 36% porosity when the membranes were prepared using kaolin, pyrophyllite, feldspar, ball clay and calcium carbonate; 20) 28 MPa at 30% porosity 31) and 11 MPa at 35% porosity 23) when the membranes were prepared using kaolin, quartz, calcium carbonate, sodium carbonate, boric acid and sodium metasilicate; and 34 MPa at 30% porosity when the membranes were prepared using kaolin, quartz, calcium carbonate and titanium oxide. 32) Thus, the flexural strengths of the present membranes are superior to the reported values, indicating the beneficial effect of sodium borate and barium carbonate additives in strengthening the clay-based membranes. The flexural strength values obtained in the present study are enough for industrial applications of the membranes for oily wastewater treatments.
Pure water permeation experiment
Variation in the permeate flux (pure flow rate) of the clay-based membranes with time at 101 and 303 kPa is shown in Fig. 8 . It can be seen that the flux profiles of all membranes at 303 kPa are located above the equivalent membranes at 101 kPa. It is due to the enhancement in the driving force with increasing the applied pressure. The flux profile of the CB10 membrane is located above CB5 and that of the CB5 membrane is located above CB0 at both 101 and 303 kPa. This is due to the increase in membrane pore size and porosity with increasing carbon black content.
For the CB0 membrane, the flux decreased from 6. at 303 kPa in 2 h. The fouling resistances at 101 and 303 kPa were 9.5 and 17.9% for CB0, 12.9 and 19.4% for CB5 and 14.3 and 28.0% for CB10, respectively. The fouling resistance increased with increasing applied pressure and increasing porosity. This trend indicates that the fouling resistance is greater when the applied pressure is higher and when the pore size is bigger. A similar trend was also reported in a ceramic membrane fabricated from kaolin, quartz, calcium carbonate and titanium dioxide. 32) Under an applied pressure of 101 kPa, however, all the membranes reached a steady state flow after the first 90 min. The steady flux was about 91% for CB0, 87% for CB5 and 86% for CB10. These values are very high compared to Al 2 O 3 membranes (³30%) and comparable to a ZrO 2 -coated Al 2 O 3 membrane (88%). 33) In contrast, the flux of all membranes continuously declined at 303 kPa for a time period of 2 h. These results imply that the clay-based membranes had serious membrane fouling at 303 kPa.
The pure water permeability of CB0, CB5 and CB10 membranes was 3.76 © 10 ¹7 , 1.10 © 10 ¹6 and 2.34 © 10
, respectively. From Eq. (3), it is clear that the permeability is proportional to the flux. The pure water permeability was reported as 7.10 © 10 ¹8 m 3 m ¹2 s ¹1 kPa ¹1 for a 5 nm TiO 2 ceramic membrane 15) . Thus, the permeability of the present membranes is one or two orders of magnitude larger than a 5 nm TiO 2 ceramic membrane.
Microfiltration of an oil-in-water emulsion
The variation in permeate flux (oil-water emulsion) of the claybased membranes with time at 101 and 303 kPa for an initial oil concentration of 100 mg/L is shown in Fig. 9 . The permeate flux (the steady flux value) increased with pressure and declined with time. The permeate flux (the steady flux value) increased from for CB10 with an increase in the applied pressure from 101 to 303 kPa, respectively. The increase is due to (1) an increase in the driving force across the membrane and (2) the rapid formation of an oil cake layer at the membrane surface at higher pressure, which leads to faster membrane fouling. 32) As shown in Fig. 9 , the permeate flux declined rapidly within 40 min and eventually the flux declined gradually to achieve a steady state value after 90 min of a filtration run for each membrane. The rapid flux decline during the early stages of filtration can be explained by the pore blocking phenomenon in the early stage of permeation. The formation of a cake layer on the membrane surface led to partial pore closure in the membrane, resulting with a decrease in the permeate flux.
6),34), 35) As time proceeds, the pore blocking process gradually becomes insignificant and the flux reaches the steady state value. Among the membranes, the lowest flux decline rate was observed for the CB0 membrane. For the three membranes, the rate of fouling was in the order of CB10 > CB5 > CB0. This trend indicates that the fouling rate is greater when the pore size is bigger. This is consistent with the results obtained in a ceramic membrane fabricated from a mixture of kaolin, quartz, calcium carbonate and TiO 2 by Vasanth et al. 32 ) Figure 10 shows the cross-section and surface morphology of the clay-based membranes (CB0 and CB10) after oily water filtration at 303 kPa. After oily water filtration, pores on the membrane surface and beneath the surface layer of the membranes were filled with the rejected oil cake in the oil-in-water emulsion. The specific surface areas of the virgin CB0, CB5 and CB10 membranes were 20.4, 29.3 and 33.9 m 2 g ¹1 , respectively. The addition of carbon black increased the specific surface area of membranes by making pores in the membranes. After a 2-h filtration for a feed oil concentration of 100 mg/L at a pressure of 303 kPa, the specific surface area of the membranes decreased to 13.9 m 2 g ¹1 for CB0, 15.8 m 2 g ¹1 for CB5 and 17.6 m 2 g ¹1 for CB10. The membranes lost surface areas of 31.9% in CB0, 46.1% in CB5 and 48.1% in CB10 after the filtration.
The oil rejection rates for the membranes at 101 and 303 kPa are shown in Fig. 11 . The rejection rate decreased from 96.8 to 96.7% for CB0, 96.7 to 96.6% for CB5 and 96.3 to 95.7% for CB10 as the applied pressure increased from 101 to 303 kPa, respectively. The rejection rate decreased slightly with an increase in pressure and with an increase in carbon black content. It was due to the deformation of oil droplets at higher pressures, 20) thereby, the oil droplets are facilitated to pass through the small pores of the membrane and got into the permeate stream. The addition of carbon black content led to an increase in pore size as shown in Fig. 5 , resulting in the decrease of the rejection rate. The present results suggest that further improvement of the rejection rate should be possible by decreasing the pore size of the membranes.
According to the results shown in Fig. 11 , the prepared membranes provided excellent oil rejection rates (96.396.8%) for a feed oil concentration of 100 mg/L at a low applied pressure (101 kPa). Vasanth et al. 7) reported a maximum 85% of oil rejection for a feed oil concentration of 250 mg/L at 69 kPa using low-cost ceramic membranes prepared from kaolin, quartz and calcium carbonate. The same authors 32) also reported a maximum 94% of oil rejection for an initial oil concentration of 100 mg/L at 207 kPa using low-cost ceramic membranes prepared from kaolin, quartz, calcium carbonate and TiO 2 . Abbasi et al. 6) reported 85.493.8% of oil rejection at 300 kPa for a feed concentration of 250 mg/L using mullite membranes prepared from kaolin and ¡-Al 2 O 3 powder. Abadi et al. 36) reported about 85% of oil rejection for a feed oil concentration of 30 mg/L at an applied pressure of 100 kPa using a commercial ¡-Al 2 O 3 membrane. Fang et al. 37) reported a rejection rate of 95% for a feed oil concentration of 75 mg/L at an applied pressure of 101 kPa using a ceramic membrane prepared from spherical fly ash with an average pore size of 0.77¯m. The rejection rate of CB0 obtained in this work is 96.7% with a membrane flux of 6.3 © 10 ¹5 m 3 /m 2 s at a pressure of 101 kPa. Based on the above Journal of the Ceramic Society of Japan 122 [9] 788-794 2014 comparisons, the rejection rate and flux of the low-cost membranes reported in this work are better than those of other lowcost ceramic membranes reported in the literature.
6),7),32),36)
Conclusions
Low-cost ceramic membranes were successfully prepared by a simple pressing route using low-cost starting materials such as kaolin, bentonite, talc, sodium borate and carbon black and subsequent sintering at a temperature as low as 1000°C in air. Both the average pore diameter and porosity increased from 0.65 to 1.25¯m and from 34 to 44%, respectively, with an increase in the carbon black content from 0 to 10%. The prepared membranes showed a good flexural strength in the range of 3258 MPa, depending on the carbon black content, i.e., porosity.
The steady state flux of the CB0 and CB10 membranes for pure water permeation was 5. 
